ABSTRACT
INTRODUCTION
4 undergo oxygenation-linked dissociation of tetramers into α 1 β 1 and α 2 β 2 dimers in the absence of organic 73 phosphates and at high pH (9, 24-26, 47, 53, 54, 58) . These findings suggest that ATP may regulate Hb- 
74
O 2 affinity not only by shifting the allosteric equilibrium between R-and T-state quaternary structures but 75 also by inhibiting tetramer-dimer dissociation. Some authors have suggested that reversible, oxygenation-76 linked tetramer-dimer dissociation is a general feature of Hbs in ectothermic vertebrates that may 77 represent a retained ancestral character state (9). Although the O 2 -affinity of snake Hb is greatly reduced 78 and the alkaline Bohr effect is greatly enhanced in the presence of ATP (11, 44, 45) , these effects could 79 possibly stem from ATP-induced polymerization of subunits. However, experimental studies of purified
80
Hbs from the South American rattlesnake (Crotalus durissus) and common water snake (Liophis miliaris) 81 revealed that intact tetrameric assemblies predominated even at exceedingly low Hb concentrations, and 82 tetramer-dimer dissociation rate constants were actually lower than those of human Hb (44, 45) . These 83 results suggest that oxygenation-linked tetramer-dimer dissociation is not a universal feature of snake 84 Hbs, and that it is unlikely to be physiologically relevant in vivo (10).
85
Oxygenation properties have been characterized for the Hbs of several snake species (reviewed 86 by (13, 40, 86) ), but little is known about structure-function relationships due to the dearth of sequence 87 data and the absence of any crystallographic data for snake Hbs. Likewise, little is known about Hb 88 isoform (isoHb) diversity in the red blood cells of snakes or other squamate reptiles. Most studies report 89 the existence of two or more structurally distinct isoHbs in the definitive erythrocytes of snakes (10, 20, 90 21, 26, 44, 45, 58, 76) , but it is not always clear to what extent the apparent isoHb diversity reflects 91 ligation-and/or oxidation-dependent changes in quaternary structure.
92
During postnatal life, birds, lizards, and turtles typically express two main isoHbs that incorporate 93 structurally distinct α-type subunits: HbA, which incorporates products of the α 
125
In the case of the South American rattlesnake, we extracted total RNA from washed red blood 126 cells using the RNeasy mini kit (Qiagen, Valencia, CA). We used an alignment of adult-expressed globin 127 genes and flanking untranslated regions (5' and 3' UTRs) from Crotalus adamanteus to design paralog-128 specific PCR primers, and we then used reverse-transcriptase (RT) PCR to amplify complete cDNAs of 129 each α-type globin gene in C. durissus (One Step RT-PCR kit; Qiagen, Valencia, CA). To amplify and 130 sequence the β-type globin genes of C. durissus, we first used RACE-PCR to obtain sequence information 131 for the 5' and 3' untranslated regions (UTRs) of each gene, and after designing paralog-specific primers,
132
we then used RT-PCR to amplify complete cDNAs. RT-PCR and RACE-PCR primer sequences are 133 provided in Table 1 . We cloned gel-purified RT-PCR products into the pCR4-TOPO vector (Invitrogen genes are known to have originated via duplication events that occurred prior to the radiation of tetrapods 144 (37, 38, 72) .
145
Hb sample preparation and protein purification. In the case of the South American rattlesnake, 146 blood was drawn from two individuals (~450 g) and red cells were washed twice in saline and frozen at -147 80°C until use. The thawed material was centrifuged for 10 min at 14,000 rpm to remove cellular debris.
148
Hb was 'stripped' of organic phosphates by twice passing Hb samples through MB-1 ion exchange resin 149 that had been rinsed with distilled water. The hemolysate was centrifuged for 2 min at 3200 rpm, and the 150 sample was then saturated with CO, dialyzed against three changes of 0.01 M HEPES buffer, pH 7.6, 151 containing 0.5 mM EDTA (dialysis buffer), and re-centrifuged (2 min at 3200 rpm 
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For rattlesnake, we also measured O 2 equilibria of fractions containing each of the three main 323 isoHbs ( 
335
Extended Hill plots of precise O 2 -equilibrium curves (Fig. 8) (Table 3) .
354
As shown in Fig. 8 Fig. 10C ). The lower temperature effect in the deoxy state (Fig. 10C ) is 392 attributable to the greater release of protons upon binding of the first and second O 2 molecules than upon 393 binding the third and fourth molecules (Fig 10A) .
394
Functional properties of yellow-bellied sea snake Hbs. The stripped, unfractionated hemolysate 395 of the yellow-bellied sea snake exhibited a high O 2 -affinity (P 50 = 1.2 torr, pH 7.4) and a small Bohr 396 effect (φ = −0.17) that was strongly increased in the presence of ATP (φ = −0.56) ( Table 2 ). In 397 association with the low Bohr effect, the temperature sensitivity of Hb-O 2 affinity exhibited only slight 398 pH dependence (∆H' = −39.5 and −37.8 kJ.mol −1 at pH 7.4 and 8.2) (Fig. 12A ).
399
Organic phosphates strongly reduced O 2 affinity and increased cooperativity of sea snake Hb.
400
Interestingly, GTP exerted markedly greater allosteric effects than ATP (Fig. 12B) 
444
globins of numerous species (Fig. 1B) . Surprisingly, our O 2 -affinity measurements revealed high 445 phosphate sensitivities in the Hbs of South American rattlesnake, Indian python, and yellow-bellied sea 446 snake (Table 2) in spite of the fact that the highly conserved β2His is replaced by Asn and Gln in the β II -447 globins of python and rattlesnake, respectively (Fig. 1B) . The high ATP sensitivities of snake Hbs (Table   448 2) are consistent with the finding that deoxyHbs of range, and the magnitude of the affinity differences was consistent in the presence and absence of ATP.
495
The additive effects of the individual isoHbs on the O 2 -affinity of the composite hemolysate (Fig. 7 
